The amino-acid sequence of the PrP protein plays an important role in determining whether sheep are susceptible to scrapie. Although the genetics of scrapie susceptibility are now well understood, there have been few studies of the PrP gene at the population level, especially in commercially farmed sheep. Here we describe the PrP genetic pro¢les of the breeding stock of four UK sheep £ocks, comprising nearly 650 animals in total. Two £ocks had been scrapie a¡ected for about eight years and two were scrapie free. Scrapie-resistant PrP genotypes predominated in all £ocks but highly susceptible genotypes were present in each case. The distribution of PrP genotypes was similar in the scrapie-a¡ected and scrapie-free £ocks. The former, however, showed a slight but signi¢cant skew towards more susceptible genotypes despite their previous losses of susceptible sheep. Surprisingly, this skew was apparent in younger, but not older, sheep. We suggest that these patterns may occur if sheep £ocks destined to become scrapie a¡ected are predisposed by a genetic pro¢le skewed towards susceptibility. The age structure of the scrapie-a¡ected £ocks suggests that the number of losses attributable directly or indirectly to scrapie considerably exceeds that recognized by the farmers, and also that signi¢cant losses may occur even in sheep of a moderately susceptible genotype. Similar patterns were not detected in the scrapie-free £ocks, indicating that these losses are associated with scrapie infection as well as genotype.
INTRODUCTION
Scrapie is a transmissible neurodegenerative disease of sheep and goats characterized by changes in behaviour, trembling, pruritus and incoordination, proceeding to recumbency and death. Illness usually lasts one to two months (Dickinson 1976 ) and the majority of infected animals die at between two and four years of age (Detwiler 1992) . The brains of a¡ected animals have vacuolated neurons and an abnormal form of a host protein called PrP (Van Keulen et al. 1995; Foster et al. 1996; Caughey & Chesebro 1997) .
Polymorphisms in the amino-acid sequence of PrP play a signi¢cant role in determining whether individual sheep are susceptible or resistant to scrapie following exposure. Many polymorphisms have been identi¢ed to date but three in particular are strongly linked to the occurrence of both experimental and natural scrapie. These are valine (V) or alanine (A) at codon 136, arginine (R) or histidine (H) at codon 154 and glutamine (Q ), arginine (R) or histidine (H) at codon 171 (for a review, see Hunter 1997a (Belt et al. 1995) . The A 136 R 154 R 171 allele is clearly associated with resistance to scrapie and V 136 R 154 Q 171 is clearly associated with susceptibility (Goldmann et al. 1994; Belt et al. 1995; Hunter et al. 1996) . Thus, sheep of genotype AA 136 RR 154 RR 171 appear to be resistant to scrapie (worldwide, only one case in such an animal is known; Ikeda et al. 1995) , while sheep of the VV 136 RR 154 QQ 171 genotype are highly susceptible (Belt et al. 1995; Hunter et al. 1996) . Some cases of scrapie are observed in sheep of the AA 136 RR 154 QQ 171 genotype, and in certain breeds (e.g. Su¡olks) where V 136 R 154 Q 171 is extremely rare this is the most common genotype of scrapie cases (Hunter et al. 1997) . The A 136 H 154 Q 171 allele may be associated with resistance in some breeds but not in others and the A 136 R 154 H 171 allele may be neutral (Dawson et al. 1998) .
In a recent anonymous postal survey of sheep farmers in the UK, 85% of respondents reported never having had scrapie in their £ocks . In the light of the genetics of scrapie susceptibility, this raises an important question: Do £ocks without scrapie have very few, or no, animals of susceptible genotype or have they simply avoided exposure to challenge?
As the sheep that die of scrapie are of certain genotypes and above a certain age, the genotype pro¢le of young animals on a scrapie-a¡ected farm is expected to di¡er from that of older animals. Speci¢cally, on a scrapiea¡ected farm a lower frequency of susceptible genotypes is expected in older sheep as some of the susceptible animals will have died. Examination of the age^genotype pro¢le of an entire £ock allows further questions to be addressed: Is the incidence of scrapie in a¡ected £ocks su¤ciently high to change the genotype pro¢le of older sheep by a detectable amount? And most importantly, does the number of losses estimated from the age structure agree with the number of scrapie cases noted by the farmer ? This is pertinent, as scrapie-a¡ected farms report having more sheep that die of unknown causes than scrapie-free farms ) and a high proportion of sheep that die from unknown causes may, in fact, show signs of scrapie when examined using histopathology (Clark & Moar 1992; Clark et al. 1994) . The incidence of scrapie infection may, therefore, be considerably greater than that estimated from clinical cases.
We are starting to answer these questions by undertaking a large-scale survey of the genotypes of animals in scrapie-a¡ected and scrapie-free sheep £ocks in the UK. Here we report initial ¢ndings based on nearly 650 PrP genotypes obtained from four £ocks, two with scrapie and two scrapie free.
MATERIAL AND METHODS
Sheep farmers willing to participate in this study were recruited using advertising, distribution of publicity documents and attendance at sheep events. For each scrapie-a¡ected £ock accepted into the study, a scrapie-free £ock with similar numbers of the same breed was randomly selected from a pool of potential matches. All farmers were o¡ered free genotyping of their entire breeding stock in return for access to their sheep and relevant information. Farmers that volunteered to participate in our study were probably more familiar with the genetics of scrapie than the`average' sheep farmer. However, there was no evidence of such a di¡erence between the volunteers with and without scrapie-a¡ected £ocks.
Participation in the study is con¢dential and, to preserve anonymity, we are unable to name sheep breeds. The £ocks considered here are pedigree and of two breeds, both of which are known to have the same three PrP alleles (A 136 R 154 R 171 , A 136 R 154 Q 171 and V 136 R 154 Q 171 ) and are considered to have similar associations between PrP genotype and scrapie risk (Dawson et al. 1998) . All sheep were expected to have arginine (R) at codon 154 and we therefore analysed polymorphic codons 136 (alanine (A), or valine (V)) and 171 (glutamine (Q ), arginine (R) Each farm was visited once and blood samples were taken from every animal in the pedigree £ocks. The numbers of samples taken were 73 (breed 1, scrapie a¡ected), 71 (breed 1, scrapie free), 189 (breed 2, scrapie a¡ected) and 312 (breed 2, scrapie free). Both scrapie-a¡ected £ocks noted their ¢rst cases of scrapie in 1990 and reported incidences of 1.5 (breed 1, ca. 2%) and 3 (breed 2, ca. 1.6%) cases per year on average. In the latter £ock, scrapie has been con¢rmed in three sheep of known genotype: two VA 136 RR 154 QQ 171 and one VV 136 RR 154 QQ 171 . Equivalent information is not available for the other scrapiea¡ected £ock. Scrapie has never been observed in the two scrapie-free £ocks.
For each sheep, approximately 5 ml of blood was collected into an EDTA-vacutainer and stored at 7 20 8C prior to genotype analysis. Genotype analysis was performed either by restriction digestion and di¡erential hybridization as described in Hunter et al. (1993 Hunter et al. ( , 1996 or by sequencing using an ABI Prism 377 DNA sequencer as recommended by the manufacturer (PE Applied Biosystems,Warrington, UK). In short, DNA was isolated from 100^500 m l of blood using a Nucleon DNA extraction kit (Anachem, Luton, UK) and then subjected to 30 cycles of PCR ampli¢cation with oligonucleotide pair 313 GTCAAGGTGGTAGCCACAGTCA and 316 GCTCCACCAC-TCGCTCCATTATC or pair 314 GGTGAAAAGCCACA-TAGGCAGT and 315 ACTACAGGGCTGCAGGTAGACA (Goldmann et al. 1994) . Following puri¢cation over Microcon columns (Amicon, Watford, UK) about one-¢fth of the PCR product was sequenced with oligonucleotide 4142 TGGAA-CAAGCCCAGTAAGCC or 9612 GGTGAAGTTCTCCCCC-TTGGT using a BigDye TM terminator kit (PE Applied Biosystems). Sequence reactions were puri¢ed with isopropanol precipitations and run on 36 cm polyacrylamide gels. Other samples were analysed by Rosgen Ltd (Roslin, UK).
(a) Data analysis
Sheep ranged from zero to seven years old and, therefore, there are 48 possible age^genotype categories. To reduce the number of categories with zero counts and to reduce some of the variation between farms, data were aggregated in various ways. In most analyses, data were combined for the two scrapiea¡ected £ocks and the two scrapie-free £ocks. The majority of scrapie cases occurred in animals of two to four years of age and, where appropriate, sheep were divided into two age groups: zero to three years old, a young population likely to have been little a¡ected by scrapie, and four to seven years old, an older population likely to have been more a¡ected by scrapie. In some analyses genotypes were combined into three groups: AA 136 Dawson et al. (1998) . It should be noted that the level of risk associated with a speci¢c genotype may be a¡ected by the breed of sheep and/or the strain of scrapie (Hunter 1997b) , and the risk groups of Dawson et al. (1998) are not necessarily appropriate for all scrapie-a¡ected £ocks. From the limited information available, however, scrapie in at least one of the £ocks considered here is associated with the high-risk PrP genotypes, suggesting that these groupings are appropriate for our £ocks. Finally, our analyses convincingly support this assertion.
RESULTS
All £ocks included sheep of all genotypes apart from the smaller of the scrapie-free £ocks, which lacked VV 136 QQ 171 sheep ( There was also a signi¢cant di¡erence between the genotype frequencies of the two sheep breeds (combined data, ¢gure 1b; w 2ˆ1 9.6, d.f.ˆ5, p 5 0.001). The most resistant genotypes (AA 136 RR 171 and AA 136 QR 171 ) were more frequent in sheep of breed 1 than breed 2, while more susceptible genotypes were more frequent in breed 2 than breed 1. This result partly confounds the di¡er-ence between scrapie-a¡ected and scrapie-free £ocks mentioned above. As the scrapie-free breed 2 £ock was considerably larger than its scrapie-a¡ected counterpart, the genotype pro¢le of the (combined) scrapie-free £ocks contains a larger-than-expected number of susceptible genotypes, and this will have tended to lessen the di¡erence between the two £ock types. The di¡erence was, nevertheless, signi¢cant. If there were no di¡erences in genotype frequency between the two sheep breeds, the observed di¡erence between the scrapie-a¡ected and scrapie-free £ocks would have been more signi¢cant.
In the scrapie-a¡ected £ocks the distribution of genotypes in younger (zero to three years old) sheep di¡ered from that in older (four to seven years old) sheep (combined data, ¢gure 2a; w This ¢nding suggests that in scrapie-a¡ected £ocks there are genotype-speci¢c di¡erences in how sheep numbers decline as their age increases. This is, indeed, the case. In ¢gure 3 the size of each age cohort is expressed as a fraction of the size of the zero to one year old cohort in order to standardize for the di¡erent numbers of sheep with each of the six genotypes. As expected, cohort size declines with age because of mortality and the selling of animals. Where mortality (or trade) is greater, however, the rate of decline should be faster. Figure 3 shows that in the scrapie-a¡ected £ocks the cohort size of animals of genotypes AA 136 RR 171 and AA 136 QR 171 (no or low risk of scrapie) declines at a similar rate to that of genotypes AA 136 QQ 171 and VA 136 QR 171 (moderate risk of scrapie). The cohort size of animals of the most susceptible genotypes (VA 136 QQ 171 and VV 136 QQ 171 ), however, declines signi¢cantly faster than that of the other genotypes (test for di¡erence in slope, F 1,16ˆ6 .0, p 5 0.03). In contrast, in the scrapie-free £ocks there were no signi¢cant di¡erences in the rates of decline of the di¡erent genotype groups. Figure 3 suggests, also, that in scrapie-a¡ected £ocks a more rapid rate of decline in the numbers of scrapie-susceptible sheep is apparent in cohorts of four-year-old or older sheep, but not in cohorts of two-or three-year-old sheep.
The previous results suggest that the distribution of genotypes in older rather than younger sheep may di¡er between scrapie-a¡ected and scrapie-free £ocks. In fact, the converse is true. For younger sheep, there was a highly signi¢cant di¡erence in the distribution of genotypes between the scrapie-a¡ected and scrapie-free £ocks (¢gure 2, solid bars only, w 2ˆ4 0.1, d.f.ˆ5, p 5 0.001), with the scrapie-free £ocks having the greatest skew towards more resistant genotypes. For older sheep there was no di¡erence in the distribution of genotypes (¢gure 2, shaded bars only, w (table 2) . In all cases the observed number of older sheep is much lower than that expected and, in total, the age structure suggests that there have been approximately 63 losses in scrapie-susceptible genotypes in the two £ocks. We repeated this procedure for the two scrapie-free £ocks; the total number of losses of the four susceptible genotypes estimated in this way was 0.3 (i.e. not di¡erent from zero). The exact number of losses estimated in this manner is a¡ected by the speci¢c age ranges used to de¢ne younger or older sheep, but the general pattern is robust for di¡erent age ranges. Thus, if sheep become`old' at age three years rather than four years, then the losses are 57.1 (scrapie-a¡ected £ocks) and 4.6 (scrapie-free £ocks).
The number of such losses can be expressed as a fraction of the number of older sheep expected in the absence of losses. This fraction, which we call the scrapieassociated loss ratio, indicates the extent to which scrapie infection in a £ock a¡ects the numbers of sheep of di¡erent genotypes. These ratios are shown in table 2.
DISCUSSION
Our results show that sheep of susceptible genotype are found in scrapie-free £ocks and pose the question of why scrapie has not occurred. One obvious possibility is that the scrapie-free £ocks have not yet been exposed to the agent that causes scrapie, with the implication that should they be exposed in the future scrapie will occur. Furthermore, our results show that when £ocks have been infected with scrapie for a number of years (in our study, eight years at the time of sampling), changes occur in the age^genotype pro¢le that are both profound and detectable.
If two sheep £ocks initially have similar genotype pro¢les and one then becomes infected with scrapie, this £ock should eventually have a lower frequency of susceptible genotypes because of the deaths of susceptible animals. A di¡erence in genotype frequency should be most apparent in sheep four years old and older, since most scrapie-related deaths will have occurred earlier. In our study a di¡erent pattern emerged. While too few £ocks have been examined for ¢rm conclusions to be drawn, sheep of susceptible genotype were more frequent in the scrapiea¡ected £ocks, despite the losses from scrapie. Furthermore, the di¡erence in genotype frequency was apparent in the younger, not the older, sheep. These results are consistent with the following suggestion: £ocks that are to become scrapie a¡ected have higher frequencies of susceptible sheep (both young and old) than £ocks that are to remain scrapie free; losses from scrapie then occur, reducing the numbers of susceptible older sheep; these losses partially`redress the balance' and the genotype pro¢les of older sheep in scrapie-a¡ected and scrapie-free £ocks are similar, while the genotype pro¢les of younger sheep remain dissimilar. Under this scenario, sheep £ocks destined to become scrapie a¡ected are predisposed by a genetic pro¢le skewed towards susceptibility.
With su¤cient replication of farms, di¡erences in the genotype pro¢les of older animals may become apparent. In particular, in scrapie-a¡ected £ocks the frequency of older sheep of the VV 136 QQ 171 genotype is expected to be very low because of the extreme level of susceptibility, while in scrapie-free £ocks a small but greater frequency of this genotype is expected.
In scrapie-a¡ected £ocks the ratio of older-to-younger animals di¡ered with genotype, and this is expected since scrapie a¡ects certain genotypes only. In order to get the observed ratios, however, the number of sheep of susceptible genotype that were lost was estimated to be about 60 in total. This contrasts with the farmers' recollection of 4.5 cases per year (total for the two £ocks). The oldest sheep on these farms were seven years old. If we assume that all cases of scrapie occur in two-year-old sheep, then there are six yearly age cohorts in which losses of 4.5 cases each should be detectable, suggesting that we should have detected 27 scrapie-related losses. How can we reconcile this number with the much larger number estimated from the age structure ? First, the farmers may have signi¢cantly underestimated the number of cases of scrapie that they have observed. Second, the farmers may have inadvertently sold more sheep of susceptible genotype because, perhaps, of poor performance; this poor performance would, however, have to be linked to scrapie infection since genotypespeci¢c losses were not apparent in the scrapie-free £ocks. Third, it is possible that the true incidence of scrapie may be considerably greater than that observed by farmers themselves. A recent postal survey found that scrapie-a¡ected farms in the UK have about twice as many sheep found dead from unknown causes as scrapiefree farms , while in the Shetland Islands 20^50% of such sheep were found to be scrapie positive after histopathological examination of brain tissue (Clark & Moar 1992; Clark et al. 1994) .
In over 20 £ocks of sheep of the so-called`valine breeds' (which includes the two breeds involved in the present study) that are currently being monitored by the Institute for Animal Health, nearly 90% of con¢rmed scrapie cases are of VA 136 QQ 171 and VV 136 QQ 171 genotype (M. Baylis, unpublished data). How can the low frequency of con¢rmed scrapie in other susceptible genotypes (such as AA 136 QQ 171 and VA 136 QR 171 ) in such breeds be reconciled with the apparently substantial number of scrapie-associated losses of these genotypes (table 2) from £ocks in the present study ? We have no answer to this question at present although one possibility is that the causes of scrapie-associated losses discussed above (poor performance, or dying with scrapie that is not recognized) may target these genotypes in particular.
Our results indicate that when scrapie occurs in a £ock over several years, it leaves a signature in the age^geno-type pro¢le. This signature, which is shown graphically in ¢gure 4, is the absence of all, or nearly all, older animals of VV 136 QQ 171 genotype and, when compared to the resistant genotypes, a very small ratio of old to young animals of VA 136 QQ 171 genotype. Furthermore, in the The signature of scrapie M. Baylis and others 2033 £ocks in our study there is evidence for smaller-thanexpected ratios of old to young animals of AA 136 QQ 171 and VA 136 QR 171 genotypes. The signature left by scrapie may vary according to the scrapie strain and the breed of sheep (and, hence, the genotypes that are targeted in a sheep £ock). Less impact will be expected if scrapie has been present in a £ock for a relatively short time and, in addition, trade patterns are likely to cause signi¢cant amounts of variation. In particular, the genotypes of rams used for breeding will have a large e¡ect on the underlying genotype pro¢le of a £ock. Future modelling studies will examine whether such e¡ects can hide the scrapie signature in a¡ected £ocks, or whether they can inadvertently suggest a signature in scrapie-free £ocks.
The results of a recent anonymous postal survey indicate that more than half of the sheep farms that experience scrapie only see cases in purchased animals . It is unknown why the disease does not pass to other animals in the £ock. Many farms of this type may use farming practices that do not favour scrapie transmission from purchased to homebred sheep . Another possibility, however, is that the genotype pro¢les of the challenged sheep £ocks may be insu¤ciently skewed towards susceptible genotypes for a within-£ock scrapie epidemic to occur. We are currently investigating the genotype pro¢les of sheep £ocks of this type.
